Fragile X syndrome (FXS) is a neurodevelopmental disorder caused by a single genetic mutation in the FMR1 gene. Mutations in the FMR1 gene are the largest monogenic cause of autism spectrum disorder (ASD), and thus both disorders share many of the same cognitive and behavioral impairments. There is increasing evidence suggesting that dysregulated immune responses play a role in the pathophysiology of ASD; however, the association between FXS and altered immunity requires further investigation. This study examined whether Fmr1 knockout (KO) and wildtype mice on a FVB/NJ background strain had altered cytokine expression at baseline levels in the hippocampus. Results showed Fmr1 KO mice to have decreased proinflammatory cytokine hippocampal mRNA expression, specifically interleukin (IL)-6 and tumor necrosis factor-α, compared with wild-type mice. However, no differences were detected in the expression levels of IL-1β, MCP-1, interferon-γ, or IL-10. Despite the high comorbidity between FXS and ASD, these results suggest that the Fmr1 KO mouse does not mimic the increased proinflammatory cytokine expression commonly found in ASD mouse models and patients. Further investigation of the immune profile of the Fmr1 KO mouse is critical to understand whether this deficiency of cytokines in the hippocampus is indicative of a broader immunologic deficit associated with FXS.
Introduction
Fragile X syndrome (FXS) is the most common inherited cause of intellectual disability and is characterized by a broad spectrum of cognitive and behavioral impairments. The near-absence of fragile X mental retardation protein results in a diagnosis of the syndrome and varying degrees of intellectual disability [1] . A notable 21-50% of FXS patients fulfill the criteria for autism spectrum disorder (ASD) [2] . In addition,~2-6% of individuals with ASD have an FMR1 gene mutation, making it the largest genetic contributor to ASD [3] . These disorders also share many of the same core characteristics such as altered social interactions, repetitive or stereotypical behaviors, and impaired language and communication [2] .
The etiology and underlying neuropathology of both FXS and ASD are largely unknown. In addition, no clear or consistent biological markers have been discovered to be characteristic of either disorder. There is, however, considerable evidence for altered immune responses in patients with ASD, such as increased levels of proinflammatory cytokines in the brain tissue, plasma, and peripheral blood mononuclear cells [4] [5] [6] . Despite the high comorbidity rate between the disorders, there are a limited number of studies investigating whether these alterations could also contribute toward the pathogenesis of FXS. Patients with FXS have been found to have increases in gastrointestinal difficulties including gastroesophageal reflux, similar to findings in those with ASD [7] . One study examining a subgroup of males with FXS found them to have increased frequency of infections in early childhood, such as otitis media, suggesting that they are at high risk for recurrent infectious ear diseases [8] .
Further support of the involvement of the immune system in FXS is supported by preliminary studies of minocycline as a treatment for FXS. Minocycline is a commonly prescribed antibiotic with anti-inflammatory effects that has been shown to reverse dendritic spine and synaptic abnormalities in the Fmr1 knockout (KO) mouse, as well as reduce anxiety and increase exploratory behavior in the mice [9] . Furthermore, preliminary clinical studies have found minocycline to improve language, social communication, attention, and mood-related behaviors in those with FXS [10] .
Dysregulated expression of small secreted or membranebound proteins, known as cytokines, has been noted in many neurological disorders, as they are essential for aspects of normal neurodevelopment such as cellular migration within the central nervous system (CNS) and synaptic network formation [11] . Imbalances in cytokine levels can have profound effects on neural activity and it is possible that these effects could ultimately mediate the behavioral aspects of FXS. However, there has yet to be a thorough investigation of cytokine expression in this animal model of the syndrome, preventing future manipulations that involve targeting aspects of the immune system to treat FXS. In the present study, we examined baseline hippocampal gene expression of key cytokines that are often found to be altered in ASD to determine whether a similar cytokine profile is found in the Fmr1 KO mouse. Although immune disturbances exist in FXS patients, there is minimal evidence for whether the Fmr1 KO mouse encapsulates these deficits and can be considered a viable animal model to investigate the involvement of the immune system in FXS.
Methods

Animals
Adult male Fmr1 KO (n = 6-8) and wild-type (WT) (n = 7-8) mice with a FVB/NJ background were utilized in this study. All mice were bred and group housed at Baylor University at an ambient temperature of 22°C and a 12-h light/dark diurnal cycle. Mice were allowed adlibitum access to food and water. Procedures were performed in compliance with the Baylor University Institutional Animal Care and Use Committee and the National Institute of Health Guidelines for the Care and Use of Laboratory Animals.
Cytokine analysis
Subject mice were euthanized by rapid decapitation and the hippocampus was dissected from the brain, rinsed in 1 × PBS, and placed on dry ice. Hippocampal tissue was stored at − 80°C until processed. Total RNA was isolated from hippocampal tissue samples using the RNeasy Mini Kit (RNeasy; Qiagen, Hilden, Germany) according to established protocols. The RNA was subsequently measured for concentration and purity using a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific, NanoDrop Products, Wilmington, Delaware, USA). Extracted RNA was reverse transcribed into single-stranded complementary DNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, California, USA). The expression of mRNA was determined by quantitative real-time PCR using TaqMan probe and primer chemistry on a QuantStudio 5 Real-Time PCR System (Applied Biosystems). Reactions were performed in triplicate for each sample in a 384-well plate with an endogenous control gene (β-actin) used for normalization. The relative expression levels of each target gene [IL-1β, IL-6, tumor necrosis factor-α (TNF-α), MCP-1, IL-10, interferon-γ (IFN-γ)] were calculated by normalizing quantified mRNA transcripts to β-actin using the 2 ÀDDC t method of quantification.
Statistical analysis
Data were analyzed using GraphPad Prism 7 software (GraphPad Software, La Jolla, California, USA) or SPSS 21.0 (IBM, Armonk, New York, USA). Relative gene expression was determined using the 2 ÀDDC t method of quantification and t-tests were utilized to test significance between groups. In cases in which the homogeneity of variance assumption was violated, nonparametric Mann-Whitney U-tests were performed. For all analyses, a P value of less than 0.05 was considered significant.
Results
Adult Fmr1 KO mice showed decreased baseline gene expression of select cytokines in the hippocampus compared with WT mice. Proinflammatory cytokines IL-6 and TNF-α were significantly decreased in Fmr1 KO mice (IL-6: U = 5, P = 0.003, TNF-α: U = 3, P = 0.001). (Fig. 1) .
Discussion
We measured hippocampal cytokine levels in adult Fmr1 KO and WT mice and found that KO mice had significantly decreased baseline expression of proinflammatory cytokines IL-6 and TNF-α. However, no changes were detected in the gene expression of any other cytokines, including IL-1β, IFN-γ, MCP-1, or IL-10. There is evidence of altered cytokine and chemokine levels in those with ASD; however, few studies have investigated whether differences in these molecules could also be implicated in the pathophysiology of FXS. The first study to examine whether cytokines could play a role in FXS also found distinct cytokine profiles in the plasma of male FXS patients with and without autism compared with controls [12] . They found patients with FXS to have significantly decreased levels of RANTES and IP-10, along with elevated IL-1α compared with controls. In addition, patients with FXS and ASD had increased IL-12 (p40) and decreased eotaxin and MCP-1α levels. The efforts by the investigators in Pietropaolo et al. [13] to rescue fragile X phenotypes using an omega-3 fatty acid diet in Fmr1 KO mice on a C57BL/6J (C57) background also led to the observation of altered cytokine profiles (IL-10, IL-1β, TNF-α) in the hippocampal and prefrontal brain regions in these mice. In contrast, one study found TNF-α and IFN-γ serum protein levels in Fmr1 KO and WT mice with a C57 background strain to not differ between genotypes [14] . It is important to note that our study was carried out on an FVB/NJ background strain. Previous studies have found considerable strain differences in the behavior of the Fmr1 KO mouse, suggesting that there may be underlying gene-strain interactions that could also manifest in immune-related findings in these mice [15] . These results corroborate the growing body of evidence that suggests that dysregulated cytokine expression and signaling could be contributing toward the deficits observed in FXS.
Proinflammatory cytokines are involved in the amplification of many inflammatory reactions and downstream CNS signaling cascades that have the ability to affect cognition and behavior. Our results contradict numerous studies examining these molecules in humans and rodent models of ASD, which have found cytokines to be primarily elevated in brain tissue, plasma, and the gastrointestinal tract compared with controls [16, 17] . Rather, our findings appear to mimic a similar cytokine profile of FXS premutation carriers, those with only 55-200 repeats on the FMR1 gene instead of the full mutation. Although they often have normal intelligence levels, premutation carriers are at risk for developing many neurological symptoms and associated disorders, such as fragile X-associated tremor/ataxia syndrome and immune-mediated disorders, such as hypothyroidism and fibromyalgia [18] . Increased rates of autoimmune and autoinflammatory disorders have also been noted in premutation carriers [19] . One study by Careaga et al. [20] , found numerous proinflammatory cytokines to be decreased in female premutation monocytes and peripheral blood leukocytes at baseline, such as GM-CSF, IL-12 (p40), IFN-γ, and MCP-1. Similar findings of decreased cytokine expression were obtained in CGG knock-in male and female mice splenocytes (IL-6, IL-13, and IL-17).
The mechanism by which decreased IL-6 and TNF-α may contribute toward dysregulated immune function and FXS disease pathophysiology is unknown. In the CNS, IL-6 can be secreted by a variety of cells (microglia, astrocytes, neurons, etc.) and contributes toward numerous complex cellular processes [21, 22] . Although IL-6 is typically considered to be a proinflammatory cytokine with elevated levels contributing toward neurodegeneration, gliosis, and microglial activation, physiological levels of the cytokine have been shown to have antiinflammatory properties and to be critical for normal CNS development [23] . IL-6 is a member of the neuropoietic family of cytokines and has been shown to promote neural growth and differentiation, as well as protect against excitotoxicity in cerebellar neurons [23, 24] . Furthermore, alterations in IL-6 levels have been associated with behavioral outcomes, such as mice deficient in the cytokine showing increased aggression, and mice overexpressing the cytokine appearing to be more social [25] . A reduction in baseline IL-6 and TNF-α expression levels could be associated with reduced neuroprotective abilities, ultimately contributing toward a deficit in crosscommunication between the innate immune and nervous systems.
It is unknown whether dysregulated immune function, and specifically cellular processes mediated by cytokines, contributes toward the pathophysiology of FXS. Our study is the first to report altered hippocampal cytokine expression in male Fmr1 KO mice with an FVB/NJ background strain. There has been considerable research investigating aspects of immunity in premutation carriers Hippocampal cytokine mRNA expression in adult male Fmr1 knockout (KO) and wild-type (WT) mice. The Fmr1 KO mice (n = 6-8) showed significantly decreased expression of proinflammatory cytokines IL-6 (b) and TNF-α (c) compared with WT mice (n = 7-8). There was no effect of genotype on the expression of IL-1β (a), MCP-1 (d), IL-10 (e), or IFN-γ (f). The expression levels were normalized to β-actin. The bars represent the mean and the error bars represent the standard error of the mean. *P < 0.01. IL, interleukin; IFN interferon; TNF-α, tumor necrosis factor-α.
because of the high prevalence of immune-related conditions in these patients. It is possible that the complex mechanism by which FMR1 and the protein, fragile X mental retardation protein, alter immune processes in premutation carriers may also be evident in humans with the full mutation. Beyond investigation of cytokine expression at baseline levels, future studies may examine whether innate immune stimulation may lead to a similar deficiency in cytokine levels in the hippocampus. On the basis of our findings, it is apparent that there is a deficit in select proinflammatory cytokine expression; however, whether this deficiency affects activation of the immune system and downstream signaling cascades needs to be explored. Additional research examining cytokine levels in the Fmr1 KO mouse is critical to establish whether this mouse model accurately mimics the immune dysfunction that has been observed in patients. This will allow for subsequent manipulation and therapeutic interventions aimed at alleviating potential immune deficits that could be linked to behavioral outcomes and pathophysiology of the disorder.
